Summary
Introduction
Idiopathic focal dystonia is a disorder characterized by more or less sustained abnormalities of posture, commonly a turning of the head to one side (torticollis). It is not caused simply by spasm or overactivity of a muscle or groups of muscles. Patients treated with botulinum toxin may continue to experience abnormal head posture even when the muscles responsible for head rotation are severely weakened compared with their antagonists, and improvement of symptoms in focal dystonia is typically found when the affected part of the body is touched by the patient (geste antagonistique), e.g. torticollis improves if the chin is lightly touched by the patient's hand.
As muscle spindles are involved in the sensation of position and movement of the body (Goodwin et al., 1972) , it is possible that abnormal sensorimotor processing of muscle spindle afferent discharges is involved in the pathology
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experiments suggest that there is abnormal perception of motion, but not position, in dystonic subjects. Dystonic subjects showed bilateral abnormalities of perception of the tonic vibration reflex which were remote from the clinically affected site. These findings are discussed in relationship to the role of muscle spindle Ia afferents in focal dystonia. of the condition. There have been reports of abnormal somatosensory responses to vibratory stimuli in focal dystonia Perlmutter, 1990, 1993) ; these stimuli preferentially stimulate muscle spindle afferents (Matthews, 1972) . Vibratory stimuli also induce dystonic symptoms in subjects with writer's cramp Perlmutter, 1990, Kaji et al., 1995) , whereas intramuscular injection of lidocaine (Kaji et al., 1995) , which blocks γ-motor neuron and Iaafferent activity, may temporarily relieve symptoms.
We tested the hypothesis that focal dystonia is associated with a disorder of the central processing of proprioceptive information from muscle spindles (e.g. that kinetic information from Ia afferents is misinterpreted). In order to test this, we examined the patients' abilities to match arm positions and movements. The matching of passive arm movements relies on muscle spindle afferent information Age and duration of symptoms are presented as means and ranges. *A patient with unilateral arm dystonia was included in this category.
from both group Ia and group II afferents, which subserve joint position sense (Matthews, 1977) . A 50-Hz vibration of muscle tendon or belly, however, is a fairly specific stimulus for group Ia afferents (Matthews, 1972) . Such vibratory stimuli applied to the biceps tendon of the arm produce an illusion of continuing movement about the elbow joint and a distortion of absolute position sense associated with flexion of the elbow known as the tonic vibration reflex. A comparison of the matching tasks in the passive and vibrated conditions in dystonic subjects and healthy control subjects therefore enables an assessment of the relative contribution of group Ia and group II muscle spindle afferents in the pathophysiology of dystonia. We describe a series of experiments involving passive arm movements and matching of movements induced by vibration of the biceps brachii tendon in blindfolded patients.
Methods Subjects
Informed consent was obtained from all subjects, and the experimental protocol had been approved by the South Sheffield research ethics committee. The subject groups comprised 31 patients with focal dystonia (20 patients with torticollis, nine with writer's cramp, two with blepharospasm) and 16 healthy control subjects (Table 1) recruited from the Movement Disorders out-patient clinic at the Royal Hallamshire Hospital, Sheffield, UK. All subjects participated in the tonic vibration reflex experiments. Three subjects with torticollis to the left and one with blepharospasm did not participate in the experiments on passive movement ( Table 2) .
None of the experimental or control subjects had evidence of other neurological disease or a family history of dystonia, nor were they currently taking psychoactive medication. Seventeen of those with torticollis had received botulinum toxin to the overactive muscle groups within the last 3 months. One of the patients with simple writer's cramp had received botulinum toxin treatment on one occasion 3 months before the experiment. One of the subjects with writer's cramp, one with torticollis, one with blepharospasm and two of the healthy control subjects were left handed, the remainder right handed. Two of the subjects with torticollis had mild dystonia of the right (dominant) arm.
Experimental design
Subjects were blindfolded throughout the experiments. The subject was seated comfortably with elbows resting on a table and hands~10 cm from the table surface. Subjects were asked to relax their arms as much as possible whilst maintaining the posture. Movement of both arms was recorded in three dimensions using two reflective markers placed around the upper arm (one distal, below the belly of biceps brachii, and one proximal, above the belly of biceps brachii) and two around the forearm (one distal, 5-10 cm from the wrist, and one proximal, 5-10 cm from the elbow) fixed by means of Velcro straps. Movement of the markers on both arms was captured using infrared video cameras (MacReflex version 3.2, Qualisys, Sweden) and recorded digitally at 10 Hz. The angle between the arm and forearm markers in the passively flexed/vibrated and tracking arms was calculated in degrees every 0.1 s.
Passive movement
One of the subject's arms was passively flexed at the elbow by the experimenter from an initial angle of~120°to a final angle of~90°over~5 s. The subjects were instructed that if they perceived movement they were to try and match the position of the arm as accurately as possible with the other arm. The procedure was repeated with passive flexion of the opposite arm. The initial arm tested was varied randomly, and the experiment was not repeated unless the recording was technically unsatisfactory.
Tonic vibration reflex
With the subject's elbows resting on the table and hands~10 cm from the table surface, a 50-Hz vibratory stimulus was applied to one biceps tendon for 45 s using a Pifco 1556 physiotherapy vibrator. The vibrator was held lightly against the skin by the experimenter for the period of recording so that movement of the arm was not impaired. The vibrated (27) 35.0 Ϯ 1.0 40.4 Ϯ 0.7 5.5 Ϯ 0.9* Torticollis to the left (8) 32.1 Ϯ 1.8 40.1 Ϯ 1.1 7.9 Ϯ 1.4* Torticollis to the right (9) 34.7 Ϯ 1.1 38.9 Ϯ 1.1 4.2 Ϯ 1.8* Writer's cramp (9) 37.9 Ϯ 1.7 42.4 Ϯ 1.4 4.6 Ϯ 1.2* Data from the one dystonic patient with blepharospasm is not included in the subgroup analysis. * P Ͻ 0.05, paired t test compared with the values of passive arm movements.
arm was not held by the experimenter or supported in any way. Subjects were told that they might, or might not, perceive movement of the vibrated arm, but that if they did perceive movement they were to attempt to match the position of the arms. Movement in both arms was recorded over a 50-s period, starting 5 s before the vibration was turned on.
The procedure was repeated with the vibratory stimulus applied to the opposite biceps brachii. No verbal or visual feedback was provided to the subjects and the side first tested was again randomly chosen to avoid confounding learning effects. Statistical significance was calculated by Student's t test or repeated measures analysis of variance (ANOVA), as appropriate. Values in the text and tables are expressed as mean Ϯ standard error of the mean.
Results
None of the results in either experiment depended on which arm was used in any of the experimental conditions. There were no differences between left and right handed subjects. Responses to vibration of the left and right arms were therefore combined in the remainder of the statistical analysis.
Matching of passive forearm movement
Movement of the passively flexed arm and the tracking arm were compared in dystonic patients and control subjects (Fig.  1 ). Control and dystonic subjects did not differ in the initial or final elbow angle of the passive arm or in the initial elbow angle of the tracking arm. Initial elbow angle of the passive arm was 125.3 Ϯ 1.1°(n ϭ 43; 27 dystonic patients and 16 healthy control subjects) and initial angle of the tracking arm was 125.2 Ϯ 1.3°. Initial steady state elbow angles did not differ between the passive and tracking arms in either control subjects (passive elbow ϭ 123.5 Ϯ 1.6°; tracking elbow ϭ 123.9 Ϯ 1.7°) or dystonic subjects (passive elbow ϭ 126.4 Ϯ 1.5°; tracking elbow ϭ 125.9 Ϯ 1.7°). In this condition the critical measure, the final position of the tracking arm, was also similar in the control and dystonic groups (final angles of passive arm 90.4 Ϯ 1.0°; final angle of tracking arm 84.7 Ϯ 1.3°). The movement of the passive arm at the elbow (35.0 Ϯ 0.8°) was overestimated by the tracking arm at the elbow (40.4 Ϯ 0.6°, P Ͻ 0.05).
In subgroup analysis (excluding the single subject with blepharospasm where the group was too small for meaningful comparison), there were no differences in any aspect of the passive matching task between control subjects and the subtypes of dystonia (Table 2) .
Tonic vibration reflex
In healthy control subjects vibration of the biceps brachii tendon elicited flexion of the stimulated arm at the elbow in all subjects, and a slightly smaller matching movement in the opposite arm (tonic vibration reflex, Fig. 2 ).
Here again, the elbow angles at the initial steady position did not differ between the vibrated and tracking elbows in control subjects (vibrated elbow, 124.2 Ϯ 2.0°; tracking elbow, 122.9 Ϯ 2.4°) or in dystonic patients (vibrated elbow, 127.5 Ϯ 1.9°; tracking elbow, 126.9 Ϯ 1.9°). Initial elbow angle of the vibrated arm was 126.4 Ϯ 1.5°, and of the tracking arms was 125.6 Ϯ 1.5°(n ϭ 47; 31 dystonic patients and 16 healthy control subjects).
In the tonic vibration reflex experiments, dystonic subjects and healthy control subjects did not differ in the initial or final angle of the vibrated arm at the elbow or in the initial angle of the tracking arm. The tracking arm moved more slowly than the vibrated arm with an error of a few degrees. By contrast to the passive condition, dystonic subjects differed from healthy control subjects in the final elbow angle of the tracking arm. The final elbow angle of the vibrated arm in control subjects was 91.2 Ϯ 3.9°and that of the tracking arm 95.0 Ϯ 4.4°( paired t test, P Ͻ 0.05). The final elbow angle of the vibrated arm in dystonic subjects was 99.1 Ϯ 2.2°and that of the tracking arm 109.3 Ϯ 2.2°(paired t test, P Ͻ 0.05). Tracking arm movements were significantly smaller in patients than in control subjects (repeated measures ANOVA, P Ͻ 0.05; Table  3 ). The results were similar in patients with different types of dystonia, although dystonic patients with torticollis to the left showed no significant difference overall. Figure 2 shows the change in elbow movement of the vibrated and tracking arms as a function of time. The difference between vibrated and tracking elbow angles was Fig. 1 Examples of movement of passive and tracking arms in a healthy control subject (male aged 61 years) and a subject with writer's cramp (male aged 63 years). Angular displacement at the elbow of the passive arm (A) and tracking arm (B) was recorded. Similar measurements were made in the experiments on tonic vibration reflex.
Fig. 2
Mean angular displacement of the elbow of the vibrated arm and tracking arm in the groups of healthy control subjects (n ϭ 16) and dystonic subjects (n ϭ 31) on stimulation of the biceps brachii tendon. The tonic vibration reflex is similar in both groups, but the tracking movements are smaller in the dystonic patients. 
Fig. 3
Difference between vibrated and tracking elbow angles (matching error) during tonic vibration reflex of the biceps brachii tendon (A). The error increases during the 45-s experiment in the dystonic group, but reduces in the healthy control subjects. Analysis of subgroups (B) demonstrates the abnormality to be most marked in subjects with writer's cramp and torticollis to the right.
larger in dystonic than in control subjects (repeated measures ANOVA, P Ͻ 0.05), and increased with time (Fig. 2) . In subgroup analysis (see Fig. 3 ), the overall difference was significantly larger in dystonic patients with writer's cramp and those with torticollis to the right than in control subjects (repeated measures ANOVA, P Ͻ 0.05). The difference in angles in dystonic patients with writer's cramp was largest at 45 s (control subjects, 5.1 Ϯ 1.3°; dystonic patients with writer's cramp, 12.7 Ϯ 3.4°; unpaired t test, P Ͻ 0.05). Those with torticollis to the right also showed a large difference at 45 s (control subjects, 5.1 Ϯ 1.3°; dystonic patients with torticollis to the right, 10.2 Ϯ 2.4°; unpaired t test, P Ͻ 0.05).
Intra-and inter-subject variability
Repeated measurements were undertaken on a group of six subjects to assess the precision of the measurements and the intra-and inter-patient reliability of measurement of the tonic vibration reflex. For the final position of the vibrated arm (at 45 s) on vibration of the biceps tendon, the coefficient of reliability (Bland and Altman, 1986) for final angle of flexion of the vibrated arm was 10.3%, and that of the tracking arm 15.0%. For comparison, the coefficient of variation for the final limb position after vibration of the biceps tendon in the whole group of experimental subjects was 49.8% for the vibrated arm and 78.7% for the tracking arm, implying that most of the variance was due to differences between subjects rather than test-retest variation.
Discussion
These experiments demonstrate that perception of arm movement during the biceps brachii tonic vibration reflex is abnormal in patients with focal dystonia, though the movement produced in the vibrated arm was similar in dystonic patients and healthy control subjects. This abnormality appears most marked in those with arm dystonia. Healthy control subjects and dystonic patients were equally good at matching static arm positions, indicating normal sensation of passive arm movements. The abnormality was therefore in perception of the tonic vibration reflex rather than perception of arm position or movement per se. Sensation of limb position and movement depends principally on afferent information from muscle spindles. The mammalian muscle spindle contains two types of intrafusal fibre, nuclear bag and nuclear chain fibres (Matthews, 1964) . Both types of intrafusal fibre receive a large diameter primary annulospiral afferent innervation of group Ia fibres. In addition, there is a secondary innervation by smaller afferent fibres which belong to the group II afferents. The responses of group Ia and group II afferents to mechanical stimulation differ in that the former signal both length and velocity, whereas the latter mainly instantaneous length (Matthews, 1977) . The kinetic and static responses of group Ia and group II afferents are modified by γ-motor neurons which innervate both types of intrafusal muscle fibres. Vibration has been shown to provide a potent stimulus for the primary (Ia) ending of the muscle spindle (Matthews, 1972) . Such vibratory stimuli applied to the biceps tendon of the arm produce an illusion of continuing movement about the elbow joint and a distortion of absolute position sense. It has been suggested that the sense of movement produced by the vibratory stimulus is determined by the spindle primary afferents which are more sensitive to dynamic than static stimuli (Matthews, 1977) . However, under physiological conditions, interpretation by the brain of limb position is complex, and probably depends principally on central integration of muscle spindle afferent Ia and group II discharges simultaneously with γ efferent discharges, with contributions from visual feedback, Golgi tendon organs, cutaneous and joint receptor afferents.
Some of the symptomatology of focal dystonia can be explained in terms of misinterpretation of kinaesthetic information from muscle spindles or misinterpretation of positional information as kinetic. The geste antagoniste, for example, may relieve symptoms of focal dystonia by providing additional proprioceptive feedback. There is an increasing body of evidence suggesting that processing of information from muscle spindles is involved in the pathophysiology of at least some types of dystonia. Activation of muscle spindle afferents or cutaneous afferents by muscle vibration has previously been demonstrated to provoke dystonia in writer's cramp (Tempel and Perlmutter, 1990) . Vibration may also improve the symptoms of spasmodic torticollis (Leis et al., 1992) . Intramuscular injections of local anaesthetic, which are relatively specific for Ia afferents, reduce the symptoms of rigidity in writer's cramp (Kaji et al., 1995) .
The tonic vibration reflex is a complex response to a vibratory stimulus. When the biceps brachii tendon is vibrated in the unrestrained arm, the resulting elbow flexion stretches the triceps brachii muscle, increasing triceps muscle spindle afferent activity. If the arm is immobilized during the biceps brachii tonic vibration reflex, the subject perceives slow extension of the vibrated arm at the elbow. This is likely to be the response to isolated Ia afferent overactivity in the vibrated biceps brachii. The perception resulting from biceps brachii tendon vibration in the unrestrained arm thus depends on interpretation by the central nervous system of the conflicting information which it receives from biceps and triceps.
The sensation of movement produced by the vibratory stimulus in these experiments was not perceived normally in the dystonic patients. The fact that abnormal perception was confined to movement accompanying vibration implies that misinterpretation of Ia afferent discharges occurs in dystonic subjects. One explanation of these results is that, in focal dystonia, the perception of limb velocity (subserved by Ia afferents) is abnormal, whereas perception of limb position (subserved by group 2 afferents) is essentially normal. The dystonic subjects may have diminished perception of Ia afferent discharges and give less weight to Ia afferent information during movement.
Because the tonic vibration reflex in this experimental protocol produces real limb movement as well as the illusion of limb movement, it is not possible to conclude that the cause of the observed abnormality of perception of the tonic vibration reflex lies entirely with group Ia afferent processing, nor to be certain whether the abnormality is in processing of biceps afferents, triceps afferents or both; there may, for example, also be a minor contribution by abnormal group II afferent processing (although we were unable to detect abnormal passive limb position matching, which is probably subserved mainly by group II afferents). Furthur experiments on the tonic vibration reflex in the immobilized arm will answer these points.
Other authors have reported that symptoms of dystonia can sometimes be produced by vibratory stimuli applied near to the symptomatic part of the body (Tempel and Perlmutter, 1990; Kaji et al., 1995) . We did not observe any exacerbation of dystonic symptoms by our stimulus, which was applied differently from that reported to induce dystonia and at a site remote from the dystonic part.
The finding of a widespread abnormality of Ia afferent perception in focal dystonia does not explain why the dystonia is usually localized. Our finding of a greater abnormality of tonic vibration reflex matching in the arms of patients with writer's cramp suggests that the reduced perception of Ia afferent activity is most marked in the symptomatic part of the body. Yet a reduction of Ia afferent discharges from the overactive muscles in focal dystonia by lidocaine injection relieves the symptoms in writer's cramp (Kaji et al., 1995) , suggesting that dystonic symptoms involve excessive spindle afferent activity in the affected part which is superimposed on a background widespread abnormality. An explanation of this apparent contradiction may lie in the perception of group II afferent information. Patients with dystonia develop abnormalities of posture (i.e. matching of limb position) which implies abnormal central processing of group II afferent discharges. Excessive reliance on sensory information from sources other than Ia afferents in these subjects may predispose them to the development of focal dystonia, especially with the stimulation of repetitive movements or pain. We speculate that symptomatic focal dystonia may develop in subjects predisposed by an underlying disorder of Ia afferent processing when group II afferent information is abnormally processed in compensation for the dysfunction in Ia afferent processing. If one purpose of the basal ganglia is to select in a more or less routine way the most appropriate motor output from an array of alternatives (based on sensory input, previous experience and training), a faulty sensorimotor processing system may be more readily biased to develop inappropriate motor programmes.
There are alternative hypotheses to account for these observations. The abnormality of Ia afferent processing may appear simultaneously with the onset of dystonia, dystonic symptoms appearing because of an abrupt but 'patchy' and asymmetric loss of kinaesthetic perception. Another possibility is that the abnormality of kinaesthesia may represent a response to dystonia, i.e. a compensatory response to excessive Ia afferent discharge associated with 'overactive' dystonic muscles (although this would not explain why the abnormality is found remote from the symptomatic site). Further studies of symptomatic and asymptomatic family members may elucidate this.
Our observations are consistent with the findings of Tempel and Perlmutter (1990) who concluded that there was a bilateral abnormality in focal dystonia on the basis of an investigation of vibration induced cerebral blood flow responses in 11 patients with predominantly unilateral idiopathic dystonia, using PET and H 2 15 O. They found that in normal control subjects vibrotactile hand stimulation produced a marked and consistent increase in regional cerebral blood flow in the contralateral primary sensorimotor region. In subjects with dystonia, vibrotactile hand stimulation of either the affected side or the unaffected side gave a diminished regional blood flow response in the contralateral sensorimotor cortex, consistent with our finding of bilateral abnormalities of perception of vibratory stimuli in dystonic subjects. They are also consistent with the findings of Nakashima et al. (1989) who demonstrated reduced reciprocal inhibition of H reflexes in dystonic patients, consistent with 'a reduction in the amount of presynaptic inhibition from large diameter afferents'. They postulated that disorders of the basal ganglia influence descending pathways which have a tonic influence on presynaptic inhibitory interneurons in the spinal cord. Our evidence suggests that in idiopathic focal dystonia this disorder can be localized more specifically to processing of Ia afferent discharges in the basal ganglia.
It was not possible to assess the influence of botulinum toxin on the tonic vibration reflex in these experiments. The group of patients which had received botulinum toxin was heterogeneous in the type of dystonia, the duration of treatment and the interval between last treatment and experimentation. Because the group which had not received botulinum toxin treatment comprised predominantly patients with writer's cramp, no meaningful comparison could be made between those patients who had been treated and those who had not. No attempt has been made to correlate the severity of symptoms or the relief afforded by botulinum toxin with the extent of the abnormal tonic vibration reflex. Further studies using patients with torticollis who have not received botulinum toxin will address these points.
